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1 Introduction 
 

Ultraviolet (UV) radiation is electromagnetic radiation that covers the range of wavelengths 

(commonly denoted by symbol λ) from 100 nm to 400 nm. The wavelength band of UV may 

be further divided into three subbands: UV-C (100 nm ≤  λ < 280 nm), UV-B  (280 nm ≤  λ < 

315 nm), and UV-A (315 nm ≤  λ < 400 nm). The wavelength range 10 nm ≤  λ < 121 nm is 

considered extreme UV radiation (EUV) (ISO 21348). All bands of UV radiation may be 

found in the spectrum of the Sun. However, the atmosphere of the Earth effectively absorbs 

radiation with wavelengths shorter than approximately 280 nm. Therefore, in the solar 

spectrum at the Earth’s surface, only UV radiation with wavelengths on the bands of UV-B 

and UV-A are detected (e.g., Liou, 2002). 

UV radiation is energetic enough to affect many materials, specifically those consisting of 

polymers (Andrady et al., 1998). Like all electromagnetic radiation, UV radiation is 

composed of photons that carry energy inversely proportional to the wavelength. The level of 

photon energies in UV radiation is often high enough to initiate changes in the structure of the 

material it encounters. It is the consequence of these structural changes that manifest in 

deterioration, also called weathering, of materials: something we may witness in our everyday 

lives, watching our plastics to fade, acrylates to brittle, papers to yellow, and rubbers to 

perish. Essentially, the phenomenon sets the limits for the service life times of many 

commodities, both consumables and durable goods.  

Most often, degradation is a result of joint effects of several weathering factors, including 

factors like heat, moisture, precipitation, and solar radiation, but also pollutants like soot, acid 

rain and ozone, and bio-factors such as pollen, fungi and mould. The joint effect of various 

factors appears often synergistic, i.e., the effect of several factors is more than just a sum of 

the effects caused by the individual factors (Rabek, 1995). Separation of different factors in 

material degradation is a complicated task. UV radiation is nevertheless found to be the key 

factor initiating or significantly contributing to the process of degradation. In fact, UV 

radiation is currently considered the most significant ageing factor for most materials 

(Wypych & Faulkner, 1999).   

Investigations on weathering of materials commonly employ a two-phase procedure (Searle, 

2003). In the first phase, material samples are exposed to the weathering agents. In the second 

phase, post-exposure material tests are applied to examine the property changes caused by the 

weathering. In natural outdoor weathering, the first phase means exposing the samples to the 

natural environmental stress agents on a selected geographical location over pre-defined 

periods of time. In artificial weathering, material specimens are exposed to weathering agents 

like UV radiation, heat, and water spray, generated by man-made laboratory equipment. After 

exposing the samples, they are examined for the changes in their properties. In addition to 

visual evaluation, a range of test methods is employed to quantify the degree of deterioration 

(Brown, 1999).  
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Standardized procedures have been developed to give coherence to the conduction of both 

natural and artificial weathering of materials (e.g., Boxhammer, 1999; McGreer, 2001; Searle, 

2003). Current state-of-the-art uses high quality instrumentation in monitoring the weathering 

circumstances as well as in post-exposure testing of the weathered materials. However, it is 

acknowledged that many approaches and methods currently in use would deserve and benefit 

from re-evaluation and/or further development (e.g., Karbhari, 2001). These aspects gather 

from the whole field of the discipline: weathering and post-exposure testing, theoretical 

considerations and experimental designs alike. 

In this thesis, improvements in methods for assessing the degrading effects of UV radiation 

on materials are suggested. The improvements are related to the following aspects of 

investigation: Timing of outdoor weathering experiments; characterization of equipment used 

in exposing materials with artificial UV radiation; derivation of UV exposure accumulated on 

outdoor materials over defined weathering periods; investigation of material specific 

wavelength dependencies in the sensitivity of degrading materials; and determination of the 

action spectrum describing the progress of a property change in the degrading material.  

The thesis consists of five original papers, numbered as indicated above in the list of the 

original publications, and hereinafter referred to as Papers I-V. Each paper deals with a 

different aspect of the topic. However, every paper can be identified as a facet cross-linked to 

the others, forming a set of methods that can be used in pursuing more valid assessment on 

the weathering resistance of materials against UV radiation.  

Paper I suggests a method for planning the timetable of a natural outdoor weathering 

experiment in a way that the seasonal and geographical variations are accounted for. The 

method uses a priori knowledge on the average annual cycle of UV irradiance, retrieved from 

the measurements made by an instrument onboard a satellite passing regularly over the 

weathering site. The method simplifies the post-exposure analysis of the material properties 

and improves the comparability of test results obtained at different weathering sites. 

Paper II presents a method to reconstruct the spectrum of the solar UV radiation at the Earth’s 

surface on the basis of radiative transfer modeling. The method provides a means for deriving 

UV irradiance in cases where no direct measurements of the quantity are available. For 

weathering experiments, this makes it possible to compute the UV irradiance levels for the 

occasions with missing measured data. As a result, a continuous UV radiation time series is 

obtained, as required for the determination of the UV radiation exposure accumulated on the 

materials.  

In Paper III, a method for characterizing the UV radiation conditions used in accelerated 

ageing of materials is presented. The method provides a way to quantify the UV radiation 

exposure on the samples aged for a defined period of time. Knowledge on the exposure is a 

pre-requisite in any attempt to correlate the artificial ageing conditions to those naturally 

prevailing outdoors. Once derived, the correlations facilitate predictions on how the materials 

would survive in their service environments on the basis of the degradation observed in the 

laboratory. 
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Paper IV reports on a novel facility designed and constructed for exposing materials with 

spectrally resolved UV radiation. The instrument makes it possible to investigate how the 

effects caused by UV radiation vary along with the wavelength of radiation. This kind of 

information is useful when choosing between different options of materials for a certain 

application in a service environment with known spectral distribution of UV radiation. 

Ultimately, it can be used when aiming at identifying and isolating the various reactions and 

processes behind an observed property change.  

In Paper V, a new approach in deriving the action spectrum of degradation of a material is 

proposed. The approach is based on the experimental results obtained using the facility 

reported in Paper IV for exposing the material samples to spectrally resolved UV radiation. 

Post-exposure testing of the samples aged over periods of different duration is used to 

quantify the property change in the material, and modelled by employing a logarithmic 

formula. The resulting action spectrum may be used in optimizing the chemical and/or 

physical protection of the material against UV radiation. 
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2 Materials and methods 
 

2.1 Ultraviolet (UV) radiation 
 

Ultraviolet radiation is electro-magnetic radiation comprising of photons with wavelengths 

covering the range from 10 nm to 400 nm. The natural source for UV radiation is the Sun. In 

the solar spectrum, the band of UV radiation is positioned between the visible radiation (400 

nm – 700 nm) and X-rays (0.01 nm – 10 nm). Artificial sources of UV radiation include 

various lamps with emission spectra covering the UV wavelengths.  

The limits between the different UV bands are based on conventions. No sharp physical 

boundaries between the bands hence exist, and the upper limit of the UV band, for instance, 

overlaps with the lower limit of the visible range. Visible radiation with the shortest 

wavelengths is perceived as violet in colour by the human eye. This has given the impetus to 

name the wavelength range underneath as ultraviolet (ultra (lat.) = beyond).  

The energy of a photon is inversely proportional to its wavelength. Energies encountered in 

UV radiation are hence higher than those of visible radiation but lower than those of X-rays. 

In practice, they are high enough to induce effects that cannot be induced by visible radiation 

in interaction with the substance.  

 

2.1.1 Occurrence of UV radiation 

  

2.1.1.1 Solar UV radiation at the Earth’s surface 

 

The origin of solar radiation is in the energy released by the nuclear reactions in the interior of 

the Sun. From the interior, the energy propagates outward by radiation, convection, and 

conduction to the photosphere of the Sun. From the photosphere, energy is emitted as 

electromagnetic radiation with continuous spectral distribution corresponding to a thermal 

source with an effective temperature of approximately 5800 K. Atomic absorption processes 

occurring in the layers above the photosphere, the chromosphere and the corona, superimpose 

the characteristic Fraunhofer lines onto the solar spectrum (Liou, 2002).  

More than 90 % of the radiant intensity in the solar spectrum is attributable to the visible and 

infrared radiation. At top of the Earth’s atmosphere, the contribution of UV radiation in the 

solar spectrum is below 10 %. Interaction between the constituents of the atmosphere and the 

traversing photons involves a variety of different scattering and absorption processes. All of 

these processes are wavelength-specific. Hence, in a macroscopic sense, the atmosphere acts 

like a filter removing photons with certain wavelengths from the solar spectrum. As a result, 

the contribution of UV radiation in the solar spectrum at the Earth’s surface is usually less 

than 8 % (Webb, 1998). Moreover, the UV-C band, i.e.: UV radiation with wavelengths 

below 280 nm, is filtered out almost completely.  
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There are several factors that affect the intensity of solar UV radiation at the Earth’s surface. 

These may be grouped as follows: 1) the location of the observation site in relation to the Sun 

and the atmosphere; 2) the constitution of the atmosphere above and below the site; and 3) the 

reflective properties of the ground around or below the site.  

The position of a terrestrial observation site in relation to the Sun depends on the distance 

between the Earth and the Sun, the time of the day, the season, and the geographical location 

of the site. The last three factors determine the position of the Sun in the sky. As a measure 

for the height, the angle between the local vertical direction and the direction of the center of 

the solar disk is commonly used. This parameter is called the solar zenith angle. The 

constitution of the atmosphere essentially covers all constituents involved in the absorption 

and scattering processes in the radiative transfer. The reflective properties of the ground are 

defined by the local topography and the state of the ground.    

The annual minimum and maximum Sun-Earth distances differ by approximately 3.4 %, 

imposing a maximum annual difference of approximately 7 % in the intensity of extra-

terrestrial radiation (Madronich, 1993). The variations in the solar zenith angle are far more 

significant in comparison. The diurnal variations stem from the axial rotation of the Earth, and 

the seasonal ones from the change in the inclination angle of the Earth orbiting around the 

Sun. Both types of alternation depend on the geographical location of the observation site. 

The daily variation, limited by the minimum and the maximum elevation of the Sun during 

the day, depends additionally on the season.  

The transfer of UV radiation through the atmosphere is regulated by the atmospheric 

constituents. In addition to the nitrogen and oxygen molecules N2 and O2, these include 

molecules of various trace gases like ozone O3, sulphure dioxide SO2, nitrogen oxide NO2; 

water H2O in states of gas (water vapour) as well as liquid and solid (water drops and ice 

crystals in clouds); and different aerosols (e.g., dust, soot, sea-salt, sulphuric acid) of both 

natural and anthropogenic origins. The regulative effect of these factors on UV radiation is 

based on the interactive processes taking place between the photons and the constituents. The 

amount of the different constituents in a volume element varies in time and location, 

horizontally as well as vertically, which results in temporal and spatial variations in the 

attenuating effect of the atmosphere on solar UV radiation. 

The interaction between UV radiation and atmospheric constituents appears as processes of 

extinction. Two different mechanisms contribute to extinction: absorption and scattering. In 

an absorption process, the energy of the photon is transferred to internal energy of the 

absorbing constituent. As the photon is removed from the beam propagating through the 

medium, the radiative intensity of the beam is reduced. Molecular absorption can only occur 

if the energy of the photon is high enough to raise the molecule into an excited state. Ozone 

and oxygen in the upper atmosphere are the most important molecular absorbents in the UV 

range. Absorbance of aerosols depends on the type of the particle: sulphate aerosols and 

particles containing organic acids and water exhibit hardly any absorbance (Lund Myhre & 

Nielsen, 2004), whereas, for instance, dust and smoke do absorb in the UV range (Herman et 

al., 1997). For cloud droplets, only weak absorption has been found (Madronich, 1993). 
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For scattering, two types of processes are dominant in the atmospheric radiative transfer: 

Rayleigh scattering and Mie scattering. Rayleigh scattering is elastic scattering of radiation by 

molecular atmospheric constituents. The intensity of Rayleigh scattering is proportional to λ
-4

. 

Forward and backward scattering are approximately equal. Mie scattering occurring on 

aerosol particles and cloud droplets has higher probability for forward scattering. As the size 

of the scattering particle exceeds the wavelength of the incident radiation, additional weaker 

maxima in other directions appear as well. To assess the effect of the particle size on 

scattering, a term called size parameter α may be used. For a spherical particle with radius r, 

the size parameter is defined as the ratio of the particle circumference to the wavelength of the 

incident radiation:     

       . (1)

  

The magnitude of the size parameter α determines the main mechanism for scattering. For α 

<< 1, Rayleigh scattering occurs, whereas for α ≈ 1, Mie scattering can be expected 

(Madronich, 1993).    

The probability of an absorption (scattering) process along a path of a photon is described by 

the absorption (scattering) cross section σa (σs). The cross section is specific to the absorbing 

(scattering) constituent and gives the probability of an absorption (scattering) process to occur 

along the path of a photon. The quantity describing the relative magnitude of absorption and 

scattering is called the single scattering albedo ω0, defined as 

   
  

      
.     (2)

  

For pure absorption, ω0=0, and for pure scattering, ω0=1 (Lenoble, 1993). The former is 

referred to as the conservative case with no loss of radiative energy. However, this limit 

cannot be reached in reality. The latter limit may be used as an approximate in cases where 

the scattering is negligible in comparison to absorption. Usually, ω0 is strongly dependent on 

wavelength (Madronich, 1993). 

In principle, all atmospheric constituents are capable of both absorbing and scattering 

radiation. However, they do differ in respect of the probability of the processes. For 

molecules, either one of the processes often exceeds the other, as the molecular absorption 

processes are confined to narrow spectral bands. For aerosol particles and cloud droplets, both 

processes may take place with measureable probability (Madronich, 1993).  

Amongst all the constituents in the atmosphere, ozone often gains special attention.  

Ozone has strong absorption bands both in UV-C and UV-B region and hence significantly 

contributes to the UV attenuating effect of the atmosphere. Decrease in the atmospheric 

column ozone may be expected to increase the amount of UV radiation reaching the Earth’s 

surface – a phenomenon already witnessed. Ever since the discovery of the ozone hole over 

Antarctica in 1985 (Farman et al., 1985), stratospheric ozone has been of general concern and 

under intense monitoring (UNEP, 1998; 2003; 2012). 
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The amount of scattering and absorption processes potentially encountered by radiation 

incident to the Earth’s atmosphere does not depend solely on the composition of the 

atmosphere. It also depends on the solar zenith angle, which determines the thickness of the 

airmass traversed by radiation, i.e.: the length of the rectilinear path of the direct solar beam 

from the top of the atmosphere to the ground. The bigger the solar zenith angle, the thicker 

the airmass traversed by radiation, the more chances for the photons to interact with the 

atmospheric constituents, and the larger portion of the incident radiation gets attenuated. 

The altitude of the observation site also has an indirect influence to the solar UV radiation at 

the Earth’s surface. At high altitudes, the atmosphere above the site is thinner, and contains a 

smaller amount of attenuating constituents compared to the atmosphere above sites at lower 

altitudes. Hence, higher levels of UV radiation are encountered at high altitude sites than at 

sea level. This so called altitude effect varies from 7 % to as high as 24 % per kilometer for 

the UV wavelengths (Blumthaler et al., 1994; Piazena, 1996; Blumthaler et al., 1997; 

Alexandris et al., 1999).   

Yet another factor affecting the solar UV radiation at the Earth’s surface is the reflective 

property of the ground. The reflectance is defined as the ratio of the irradiance upwelling from 

the ground and the irradiance downwelling from the atmosphere. The surface acts like a 

boundary between two media of different refractive indices. Following the Fresnel’s law, part 

of the radiation received by the surface is reflected back into the atmosphere. Two types of 

reflection processes may be distinguished: specular and diffuse. Specular reflection is mirror-

like reflection into a single direction determined by the angle of the incoming radiation. In 

diffuse reflection, radiation is reflected into several different angles. The portion not reflected 

at the surface is refracted into the reflective medium. Some of the penetrated radiation may be 

scattered back into the atmosphere, appearing as diffuse reflection. Practically all grounds 

exhibit both diffuse and specular reflection. In most cases, the component of the diffuse 

reflection is more dominating (Lenoble, 1993).  

The reflectance, commonly called albedo (lat. albus, “white”), depends on the type of the 

ground, the wavelength of the incident radiation, and in general the angle of incidence. Over 

grassland, albedos as low as approximately one percent has been measured (McKenzie et al., 

1996) in UV wavelengths. Over fresh snow, albedos exceeding 90 % has been reported (e.g., 

Blumthaler & Ambach, 1988; Grenfell et al., 1994; Kylling et al., 2000). Strong seasonal 

dependences in albedo are hence encountered at locations with seasonally snow-covered 

grounds. The topography of the terrain may also affect the albedo by imposing shadows or 

merely changing the angular distribution of the radiative field on the location of observation 

(Madronich, 1993).  

It is noteworthy that the variability of solar UV radiation at the Earth’s surface includes both 

the spatial and temporal dimension (e.g., Zerefos et al., 1997; Udelhofen et al., 1999; 

Chubarova & Nezval’, 2000; Herman et al., 2000; McKenzie et al., 2003; Seckmeyer et al., 

2008). The temporal variations include the clearly distinguishable diurnal and annual cycles 

that originate from the planetary motion of the Earth. The basic shape of these cycles is 

similar at any location on the Earth, but the amplitude and width of the cycle vary according 

to the geographical location of the observation site. On these cycles are imposed the effects 
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caused by the atmospheric conditions and the reflective properties of the terrain, both of 

which also possess seasonal variability of their own. It is hence clear that the time series of 

UV radiation of a particular site are specific to the site and representative to that site only. 

 

2.1.1.2 Artificial UV radiation 

 

UV radiation may be artificially produced using a lamp with an emission spectrum 

overlapping with the UV radiation wavelengths. These include lamps based on a range of 

different technologies: gas discharge lamps, LEDs (Light Emitting Diodes) and lasers 

(McGreer, 2001). The radiative properties, i.e., the intensity and the spectral distribution of 

the radiation emitted by the lamp, depend on the technology used. Some of the lamps yield 

UV radiation with intensities comparable to the solar UV radiation at the Earth’s surface, but 

also intensities far exceeding those are commonly encountered. The same applies to the 

spectral distribution of the radiation emitted by the lamps. The emission spectrum of a UV 

lamp may be continuous, or consist of certain discrete lines, either as such or as superimposed 

onto a continuous spectrum. 

A high-pressure discharge lamp is one of the common types of artificial UV radiation sources. 

The lamp usually consists of a quartz bulb with electrodes, filled with high-pressurized 

(noble) gas and/or metal vapour. An electric discharge is produced between the electrodes of 

the lamp, resulting in ionization of the gas/vapour and emergence of free electrons in the 

plasma. Collisions between the free electrons accelerated by the electrical field and the 

gas/vapour atoms inside the bulb excite some electrons in the atomic orbitals to higher energy 

states. Return to a lower energy level produce photons with characteristic wavelengths 

(Koller, 1965). 

Examples of high-pressure discharge lamps commonly used for exposing materials with UV 

radiation are mercury vapour lamps and xenon arc lamps. In mercury vapour lamps, an 

electric arc through vaporized mercury acts as a source of radiation. The radiative output 

contains characteristic spectral lines of mercury. Although partly superseded by newer metal 

halide lamps, mercury vapour lamps are still chosen for many applications due to their 

efficiency and long life time (see, e.g., Anton-Prinet et al., 1998; Liauw et al., 1999; Sthel et 

al., 1999; Claudé et al., 2001; Peinado et al., 2002; Sabaa & Mokhtar, 2002; Allen et al., 

2004; Bussière et al., 2005; Kaczmarek et al., 2005; Shanmugharaj et al., 2005; Boersma, 

2006; Rivaton et al., 2006; Grelier et al., 2007; Neumann et al., 2007). In xenon arc lamps, the 

arc is produced by a discharge through ionized xenon gas. The spectrum of the resulting 

radiation is continuous with no prominent emission lines, imitating fairly closely the spectrum 

of solar radiation at the Earth’s surface (Searle et al., 1964).  

Both the above mentioned lamps are commonly used for artificial ageing of materials. The 

most obvious benefit of using artificial ageing is the possibility to use intensities higher than 

those naturally prevailing outdoors, hence accelerating deterioration and gaining knowledge 
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on the ageing behaviour of the material in a shorter period of time. Another reason is the ease 

of regulation, monitoring and quantification of the factors contributing to the ageing.    

In artificial ageing of materials, UV lamps are usually installed into a certain chamber where 

the material samples are placed inside for exposure. This solution provides a fixed repeatable 

geometry for the exposure and ensures that no UV radiation induced damages are caused to 

living creatures or materials that are not intended to be studied for their ageing behaviour. 

Furthermore, the chambers may be equipped with functions enabling weathering of materials 

with other ageing factors than UV radiation, like elevated temperatures and periodic water 

sprays (e.g., McGreer, 2001; Searle, 2003). Commercial chambers are available abundantly, 

but also ad-hoc built ones are used.   

  

2.1.2 Quantification of UV radiation 

 

The basic physical quantity in quantification of UV radiation is spectral irradiance Eeλ, 

denoting the power of electromagnetic radiation per unit wavelength and per unit area 

incident on a surface, in SI units Wm
-2

nm
-1

. From this basic quantity, several other quantities 

may be derived. Integration of this quantity over the wavelengths yields (broadband) 

irradiance Ee in SI units Wm
-2

. Integration of irradiance Ee over time produces radiant 

exposure He in SI units Jm
-2

. Temporal integration may be similarly performed on spectral 

irradiance Eeλ, to yield spectral radiant exposure Eeλ in SI units Jm
-2

nm
-1

. The first three 

quantities are well established and widely used, whereas the fourth is more uncommon. 

However, it has been recognized as potentially most useful for quantification of radiative 

exposure on materials when investigating wavelength-dependent effects of radiation (Heikkilä 

et al., 2007). 

In a geometrical consideration, solar UV radiation at the Earth’s surface may be divided into a 

direct and diffuse component. The sum of the direct irradiance and diffuse irradiance make up 

the total irradiance, commonly called global irradiance (Madronich, 1993). The direct 

irradiance composes of photons received from the direction of the Sun from a solid angle 

determined by the solar disk. The diffuse component results from photons scattered from the 

solar beam in the atmosphere, or reflected from the ground back to the atmosphere. Both the 

photons once scattered and the photons reflected from the ground may encounter further 

scattering in the atmosphere. This phenomenon, called multiple scattering, may significantly 

enhance diffuse radiation in the UV wavelengths where Rayleigh scattering is strong. With 

these considerations in mind, it is clear that the distribution of UV radiation is not uniform in 

all directions. Instead, a certain angular distribution of radiation prevails. The quantity used 

for measuring radiation falling within a given solid angle (in steradians, sr) in a specified 

direction is spectral radiance Leλ, in SI units Wm
-2

nm
-1

sr
-1

. Spectral irradiance primarily used 

for the quantification of UV radiation is in fact spectral radiance integrated over the 2π solid 

angle seen by the receiving surface.    
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Solar UV radiation at the Earth’s surface may be quantified by measurement, by calculation, 

or by combining measurements with modelling. Direct measurements are carried out 

employing in situ ground-based radiometers. Measurements may be also made indirectly by a 

radiometer onboard a satellite orbiting the Earth, yielding space-borne quantities of UV 

radiation. These measurements are satellite-derived since the final UV quantities are derived 

by computations from the measurements of radiation reflected from the Earth back into the 

space. Calculations involve use of radiative transfer models and knowledge on the location of 

the site, the position of the Sun, the state of the atmosphere and the properties of the ground. 

Modelling may be also used in combination with the measurements, for filling in the gaps in 

the measured time series of UV irradiance, for instance, or for reconstructing a time series of 

UV irradiance for a site or period of time for which no measurements are available. 

 

2.1.2.1 Measurement of UV radiation 

2.1.2.1.1 Ground-based in situ measurements 

 

Three basic types of instrumentation are currently in use for ground-based in situ 

measurements of solar UV irradiance: spectroradiometers, broadband radiometers and 

multifilter radiometers (Webb, 1998; Seckmeyer et al, 2001; Seckmeyer et al., 2005; 

Seckmeyer et al. 2010; Aphalo et al., 2012). The instruments are mainly installed to measure 

UV irradiance on a horizontal surface, but other orientations such as vertical ones are used for 

certain purposes. Spectroradiometers measure the spectral irradiance, generally with a 

wavelength step of 1 nm. Broadband meters measure the irradiance integrated over a certain 

wavelength band, such as UV-B. Multifilter radiometers measure irradiance integrated over a 

few narrow spectral bands with specified center wavelengths. In practice, the choice of 

instrumentation depends on the objectives of the study as well as the resources available for 

the maintenance. Guidelines on successful operation with exhaustive QC/QA procedures are 

currently available for all the main categories of instruments (Webb et al., 1998; 2003; 

Blumthaler, 2004). 

The main principle of operation in all instruments measuring horizontal UV irradiance is the 

same. The instruments are equipped with foreoptics for gathering photons, a detector for 

measuring the energy of the received photons, and a logger to record the data. In 

spectroradiometers, an additional device called monochromator is employed between the 

foreoptics and the detector to resolve the incoming radiation into spectral components. In 

essence, the monochromator passes through only photons with certain wavelength to be 

detected at a time, while rejecting all the others. Usually the monochromator is programmed 

to scan over a certain wavelength range, resulting in a spectrum of irradiance. A single 

monochromator spectroradiometer employs only one monochromator. In double 

monochromator spectroradiometers, the incoming photons are guided through two 

consecutive monochromators. In general, double monochromators are preferred as they 

exhibit significantly better stray light rejection as compared to the single monochromators. 
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The horizontally mounted measurement head has a field-of-view of 2π steradians, meaning 

that it sees the whole hemisphere above and around it. The measurement head collects all the 

photons from all directions of the hemisphere onto a diffuser. The traditional material for the 

diffuser is teflon, but novel materials like ground quartz and quartz with imbedded air bubbles 

are also available. The diffuser is needed to eliminate the potential directional dependence in 

the measurement and the collection of photons in compliance with the cosine-law. The evenly 

diffused photons are guided to the detector to produce a measurable electric quantity 

proportional to the energy of the photons. As a detector, scanning spectroradiometers 

typically employ photomultiplier tubes, whereas in other types of instruments, a 

semiconductor detector is used. Recently, spectroradiometers employing array semiconductor 

detectors has been also developed. The advantage of the array spectroradiometers is that they 

measure the entire spectral region of interest at the same time (Seckmeyer et al., 2010; 

Aphalo, 2012).   

The main difference between the different types of instruments is in their accuracy. In this 

respect, scanning spectroradiometers equipped with double monochromators are considered 

state-of-the-art instruments (Seckmeyer, 2001). Instruments also differ by the extent to which 

they yield knowledge on the spectral distribution of the incoming radiation. Again, in this 

respect, spectroradiometers are considered superior. In broadband measurements, all 

information on the spectral distribution is lost. With the filter radiometers, information of 

intermediate spectral resolution is obtained. Another important difference lies in the temporal 

resolution of the measurements. Scanning spectroradiometers measure the wavelengths one 

after the other, resulting in temporal resolution far beyond that given by the other types of 

instruments.  

 

2.1.2.1.2 Space borne satellite-derived measurements 

 

Ever since the 1970’s, several meteorological satellites orbiting the Earth have been equipped 

with spectrometers capable of measuring extra-terrestrial and backscattered solar radiation. 

Backscattered radiation is radiation scattered by the Earth’s atmosphere back to the space. 

Direct measurement of solar radiation at the Earth’s surface is not possible for a space borne 

instrument. However, measurements of backscattered radiation can be used to infer estimates 

for solar radiation by employing radiative transfer calculations.  

The Total Ozone Mapping Spectrometers (TOMS) instruments form one class of the 

spectrometers utilized for space-borne satellite-derived measurements. One of the instruments 

of this kind was flying onboard the Sun synchronous Earth Probe (EP) satellite of the 

National Aeronautics and Space Administration (NASA) during the time period of 25 Jul 

1996 – 20 Jun 2004. TOMS/EP was a single monochromator spectrometer measuring the 

irradiance and the radiance backscattered by the Earth's atmosphere on six selected UV 

wavelength bands with centre nominal wavelengths of 308.6 nm, 313.5 nm, 317.5 nm, 322.3 

nm, 331.2 nm, and 360.4 nm. The instrument looked at the Earth through a point in a 

direction perpendicular to the orbital plane. The area seen by the instrument was determined 



13 
 

by its Instantaneous Field of View (IFOV) of 3 degrees x 3 degrees, corresponding to an area 

of 26-60 km2 x 26-33 km2 on the Earth (Herman et al., 1999). A mirror was used to move the 

field of view for the scan in steps of 3 degrees. The scan ranged from 51 degrees on the left 

side of spacecraft nadir to 51 degrees on the right, resulting in a total of 35 samples per scan 

in only eight seconds (McPeters et al., 1998). 

The primary product derived from the measurements performed by TOMS is the total ozone 

column in the Earth’s atmosphere. The retrieval is done by comparing the measured 

normalized radiances and radiances obtained by radiative transfer calculations for different 

ozone amounts and the conditions of the measurement. The retrieved total ozone values may 

by further used for retrieval of solar UV irradiance at the Earth’s surface. One of the 

methodologies of this kind has been developed within the establishment of the PROMOTE 

UV Data Archive (Tanskanen & Lindfors, 2008). The approach adopted therein employs pre-

calculated multidimensional Look-Up Tables (LUTs) tabulating values for aerosol optical 

depth, aerosol single scattering albedo, altitude, cloud optical depth, solar zenith angle, 

surface albedo, and total ozone column. In creating the LUTs, the SDISORT solver included 

in the libRadtran radiative transfer software package (Mayer & Kylling, 2005) is used. By 

interpolation using the LUTs, the irradiance for a clear-sky case and the factors for the 

attenuation caused by aerosols and clouds are determined, of which the final product, the solar 

irradiance prevailing on the surface of the Earth, is calculated. 

From the derived solar spectral irradiance, different data products may be further computed. 

Within PROMOTE, for instance, daily erythemal UV doses are calculated. The derived 

spectral irradiances in temporal resolution of an hour are first weighted with the action 

spectrum for erythema (sunburning) defined by CIE (Commission Internationale de 

l'Eclairage) (ISO/CIE, 1999). The CIE erythemal action spectrum describes the sensitivity of 

human skin to noticeable reddening. Next, the corresponding CIE erythemally weighted dose 

rates are calculated by integration over the wavelengths. Finally, the dose rates are integrated 

over the time of the day, to yield the daily erythemally weighted UV dose. This quantifies the 

dose accumulated in the course of the day onto a horizontally oriented surface possessing the 

sensitivity defined by the applied CIE erythemally weighted action spectrum. 

 

2.1.2.2 Modeling of UV radiation 

 

Modeling of solar UV radiation requires a computational model for performing the 

calculations on the attenuation of the radiation propagating through the Earth’s atmosphere, 

knowledge on the state of the atmosphere, the reflective properties of the Earth’s surface, and 

knowledge on the extra-terrestrial solar spectrum at top of the Earth’s atmosphere. 

The attenuation of parallel radiation of a single wavelength λ incident at angle θ onto a layer 

of vertical thickness z with absorbing constituents in number density n (in units m-3) is 

described by the Beer-Lambert law as follows: 
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Here,     is the transmitted irradiance,    
  is the incident irradiance, 𝜏 is the vertical optical 

depth of the constituent for absorption, σ is the absorption cross section of the constituent, and  

  ∫     (4) 

is the vertical column density of the absorbing constituents (in units m
-2

) (Madronich, 1993). 

In the presence of several different absorbing constituents, the total vertical optical depth is 

formed as a sum of the optical depths of the single constituents. The law is strictly valid for 

monochromatic (single wavelength) radiation, reasonably low concentrations (< 0.01 M) of 

absorbing constituents, and incident radiation with energy not capable of influencing the 

constituents (Bohren & Clothiaux, 2006). 

The attenuation of monochromatic radiation by scattering may be described by the Beer-

Lambert law as well by replacing the absorption cross sections of the constituents with the 

scattering cross sections. However, photons scattered out of the beam incident to the Earth’s 

atmosphere create a field of radiance where photons are propagating in every possible 

direction simultaneously as diffuse radiation. Consequently, an approach capable of handling 

the attenuation of both components of solar irradiance, direct and diffuse, is needed. For this 

purpose, different kinds of radiative models are used.   

All modeling of UV radiation is more or less based on the general radiative transfer equation. 

In its integrodifferential form, the equation may be expressed as follows (Madronich, 1993):  
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Here, θ and φ are the zenith and azimuth angles defining the specific sky direction from the 

point of observation, and θ0 and φ0 are the corresponding angles for the direct beam; E∞ is the 

extra-terrestrial irradiance; P(θ,φ,θ’,φ’) is the scattering phase function, defined as the 

probability for a photon incoming from the direction defined by angles θ’ and φ’ to scatter 

into the direction defined by the angles θ and φ; and ω0 is the single scattering albedo 

(Madronich, 1993). The term on the left-hand side represents the vertical change in radiance. 

On the right-hand side, the first term represents the attenuation due to both absorption and 

scattering,  the second the increase of diffuse radiation resulting from the scattering of the 

direct beam, and the third the increase of diffuse radiation originating from scattering from 

other parts of the radiance field than the direct beam. 

The models used for computing solar UV radiation at the Earth’s surface may be categorized 

according to how the radiative transfer in general is treated in them. In simple parameterized 

models, the diffuse radiation is parameterized to represent a range of different conditions. 

These models are based on fitting the results of a more accurate radiative transfer with simple 

analytical functions (e.g., Green et al., 1980; Gueymard, 1995). These models treat the 

atmosphere merely as an entity, not on the level of the single constituents. The physical 

models, in contrast, employ the radiative transfer equation as such, and treat the interactions 
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between the photons and the atmospheric constituents by solving the equation. The equation 

cannot be solved analytically in its general form. However, several numerical methods have 

been developed to solve the equation. The most common techniques for numerical solving 

employed are discrete ordinate methods (e.g., Stamnes et al., 1988) and Monte Carlo method 

(e.g., Cahalan, 2005). A third category of models are based on so-called two-stream 

approximation (e.g., Kylling et al., 1995). These models use the radiative transfer equation in 

an approximate form where radiation is divided into down-welling and up-welling 

components (Madronich, 1993). 

  

2.2 UV radiation and materials 
 

Ultraviolet radiation encountering the surface of a material experiences the same interactive 

phenomena as when propagating through the atmosphere. The constituents on the surface of a 

material may either scatter or absorb the UV photons. Those photons that are not immediately 

absorbed by the constituents on the outer layers of the material are scattered. The photons 

scattered back into the atmosphere constitute to the reflected part of the incident radiation, 

whereas those scattered into the material make up the penetrating part. The photons 

penetrating into the material experience further scattering and absorption phenomena. Some 

of the interactions taking place on the surface of the material may lead to changes in the 

properties of the material. Some of the changes remain superficial, whereas the others may 

progress into the deeper layers and even into the bulk of the material. Most metals and 

ceramics are known to exhibit excellent UV durability. Polymeric materials, in contrast, are 

often more or less affected, despite the fact that the penetration depth of the UV photons is 

found for most polymeric materials to be only of the order of 50-100 microns (Chin, 2001). 

The effects of UV radiation may be investigated by exposing material samples to UV 

radiation and by making observations on the property changes the exposure has caused in the 

materials. As a source of radiation, both the Sun and different types of artificial sources are 

used. For the material, the source of radiation is insignificant. The same kinds of changes take 

place under the bombardment of photons from the Sun and from an artificial source – 

provided that the amount per unit time and the energy distribution of the single photons in the 

exposing radiation is the same. This is in fact the issue that makes the testing of UV durability 

of materials challenging. Creating UV exposure conditions with exactly the same kind of 

characteristics in an experiment compared to those used in a previous experiment may be 

realized by employing the very same laboratory facility. With different facilities, however, 

this can be hardly realized. Natural outdoor climates are even more difficult to be replicated 

by laboratory equipment.   

Observations on the property changes of materials may be quantified by suitable techniques. 

For proper post-exposure analysis of the changes, quantification is a prerequisite. Two basic 

types of measurements are adopted: non-destructive and destructive testing. Samples 

submitted to non-destructive testing remain in principle in their original shape. These methods 

include, e.g., measurements of colour, gloss, hardness, roughness of surface, and 
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spectroscopic methods such as UV/VIS and IR spectrometry, used in searching for changes in 

the molecular composition of the material. Destructive techniques include, e.g., tests for 

bending, tensile and impact strength. Sometimes results obtained by application of a non-

destructive method may predict a change in the mechanical properties of a material. For 

instance, colour changes may indicate structural changes in the bulk of the material. 

 

2.2.1 Effects of UV radiation on materials 

 

The effects of ultraviolet radiation on materials become apparent through changes in the 

properties of the materials. Their colour may change by yellowing, bleaching or darkening. 

They may lose their gloss or transparency. Their surface may show chalking, fine cracking, or 

even severe erosion. UV radiation can also harden the surface of a material. Superficial 

changes often make way to actual structural changes in the bulk of the material. The materials 

may become brittle, cracked, and friable. The changes are irreversible (Searle, 2003). As a 

consequence, the materials lose permanently their original mechanical properties in terms of 

tensile, flexural, and/or impact strength, potentially leading to an untimely end of the service 

life time of the product. The phenomenon is very mundane but not completely harmless. In 

the post-modern infrastructure even the structural and semi-structural elements used in 

buildings, transportation etc., contain parts made of polymers potentially susceptible to UV 

radiation induced damages. Unforeseen deterioration in these parts may have severe 

consequences (e.g., Andrady et al., 1998; Karbhari et al., 2001). 

The basic phenomenon deep down in the observed deterioration of materials is called 

photodegradation. Photodegradation is initiated by a photophysical process where the 

polymer macromolecule is activated through absorption of a photon of incident UV radiation. 

The dissipation of the excited state may lead to one of the two competing processes of 

photodegradation: chain scission or crosslinking. In chain scission, the backbone of the 

polymer breaks, resulting in formation of two molecules of lower molecular weight. In 

crosslinking, small groups of two neighbouring molecules link together by forming a cross-

link, a covalent or ionic bond, from which consequently at least four molecular chains 

emanate. 

A rule known as the Grothus-Draper law states that if light is to initiate photodegradation, it 

has to be absorbed by a molecule of the substance. Most pure polymers only contain bonds 

that are not expected to absorb radiation at wavelengths of UV radiation. However, practically 

all polymers contain at least small amounts of impurities with so called chromophoric groups 

which do absorb radiation at wavelengths of UV. This is the reason why photodegradation of 

polymers occur even when the wavelengths of the exposing radiation are longer than 300 nm.  

The relationship between the number of photons absorbed and the number of polymer 

molecules scissioned per unit time is quantified by the quantum yield of chain scission ϕs as 

follows:  
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. (6) 

Respectively, the quantitative relationship between the absorption rate of photons and the 

number of polymer molecules involved in crosslinking per unit time is given by the quantum 

yield of crosslinking ϕc:   

     
                                                    

                                        
. (7) 

Wavelength specific experimental values for quantum yields have been determined for many 

polymers (Rabek, 1995). 

The competition between the two principal mechanisms of photodegradation may be 

illustrated by considering the resulting changes in the molecular weights  ̅  and  ̅  and 

molecular weight distribution  ̅  ̅ ⁄ . The number average molecular weight  ̅  is the 

statistical average molecular weight of all the polymer chains in the sample, defined as: 

 ̅  
∑    

∑  
, (8) 

where Mi is the molecular weight of a chain and Ni is the number of chains of that molecular 

weight.  ̅  is the weight average molecular weight defined as follows: 

 ̅  
∑    

 

∑    
. (9) 

Three main categories of photodegradation may be distinguished, characterized by different 

ranges of values for  ̅ ,  ̅ , and  ̅  ̅ ⁄ : absence of crosslinking (only chain scission 

occurring), absence of chain scission (only crosslinking occurring), and simultaneous chain 

scission and crosslinking reactions (Rabek, 1995).  

Pure photodegradation can only take place in an inert atmosphere. The presence of oxygen 

complicates the scene, and instead of pure photodegradation, photo-oxidative degradation 

occurs. In general, photo-oxidative degradation proceeds as follows: In the initiation phase, 

free polymer radicals are formed. In the propagation phase, the radicals react with oxygen, 

producing polymer oxy- and peroxy-radicals as well as secondary polymer radicals, resulting 

in chain scission. In the termination phase, different species of free radicals interact with each 

other, resulting in crosslinking (Rabek, 1995).  

In addition to oxygen, a factor that is in practice most often present in the weathering of a 

material is heat. The presence of heat further complicates the scene of photo-physical 

processes and photo-chemical reactions involved in photo-oxidative degradation. 

Photodegradation and thermal degradation occur simultaneously and often accelerate each 

other. In the actual photoageing of materials, oxygen and heat are further accompanied by 

many other environmental stress agents. These factors include organic solvents and 

mechanical stresses. For outdoor materials, water, pollutants and bio-substances like pollen, 

fungi and mould, are also significant weathering agents (e.g., Searle, 2003). The interactive 

effect of the different stress factors is often synergistic, meaning that several factors affecting 
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simultaneously on a material make a more severe damage than could be predicted as a net 

result of the effects caused by the single factors separately (Rabek, 1995).  

As the photodegradation of a material can only result from photons absorbed by the molecules 

of the material, and the material can only absorb radiation of certain energy, the deteriorating 

effect of UV radiation strongly depends on its wavelength (Andrady, 1997). Certain 

wavelengths cause most of the damage, whereas the others do not play a role. The wavelength 

sensitivity of a material to a specific damage, e.g., yellowing, may be described by a material-

specific spectral response. Two basic forms for the spectral response exist: an activation 

spectrum and an action spectrum (Trubiroha, 1989; Searle 2000). The activation spectrum has 

been derived for a specific light-source, limiting its use into exposures to that particular 

source only. The action spectrum, in contrast, has been derived in a way that accounts for the 

radiant exposure used in the experiment, making it more universal than the activation 

spectrum.  

Materials may be protected against the deteriorating effects of UV radiation by imbedding 

suitable light stabilizers into the bulk of the material, or by applying a suitable coating or 

painting onto the surface of the final product (Andrady et al., 2011). Light stabilizers include 

various UV absorbers and free-radical scavengers. Coatings and paintings are often 

themselves polymers that only exhibit better durability against UV radiation than the material 

they cover. Their service life times are nevertheless limited by the very same processes of 

photoageing as those of the other polymeric materials.  

 

2.2.2 Weathering of materials 

 

Investigations on the effects of UV radiation on materials generally follow a two-phase 

procedure (Searle, 2003). In the first phase, called weathering, samples of materials are 

exposed to UV radiation. The weathering experiment may be conducted in natural outdoor or 

laboratory conditions (Masters & Bond, 1999). In an outdoor experiment, solar radiation may 

be used as such as a source of UV radiation. Alternatively, it may be enhanced using specific 

solar concentrators, making the test as an accelerated outdoor weathering experiment (Chin, 

2001; Searle 2003). In experiments conducted in the laboratory, artificial sources of UV 

radiation are used. The intensities of UV lamps usually exceed those of solar UV radiation at 

the Earth’s surface. As a consequence, weathering is highly accelerated. The second phase 

following the actual weathering includes the investigation of the weathered samples for the 

property changes and the analysis of the relationship between the conditions prevailing during 

the weathering and the quantified changes in the material properties.   

The most crucial issues in all weathering tests, all the way from the planning phase to the 

post-exposure tests, are essentially related to the quantification of two things: the weathering 

agents, and the property changes caused by the weathering. With an emphasis on these 
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dimensions, the methods used in weathering tests in general and in the research of UV 

radiation effects on materials in particular are described in the following sections.    

 

2.2.2.1 Natural weathering 

 

Natural outdoor weathering of materials is a traditional method in testing the durability of 

materials intended for outdoor use. Specimens made of the material under study are installed 

at the mercy of the weather onto a weathering platform on a selected test site. In the choice of 

the site, various criteria may be used. In the United States, two sites, Phoenix in Arizona and 

Miami in Florida, provide weathering in environments with standardized climatological 

specifications (see, e.g., Searle 2003; Pickett & Gardner, 2005). The conditions at these sites 

are also harsh enough for the tests, exceeding those encountered by the materials in most of 

their normal service environments. Sometimes a network of selected sites covering a range of 

different climates may be considered a better solution than just one site. In all cases, the 

availability of data on the weathering agents is a crucial criterion for the selection of the site 

(Masters & Bond, 1999).  

The data characterizing the weathering circumstances should cover the factors initiating and 

maintaining photo-oxidative and thermal degradation of materials. In addition, it is useful to 

have knowledge on the environmental agents contributing either through chemical reactions 

or physical processes to the overall ageing of materials. Heat acts as the initiator for the 

thermal degradation of polymers. Therefore, on-site temperature data is required. UV 

radiation initiates photo-oxidative degradation. Consequently, data on UV radiation exposing 

the materials during the weathering experiment is needed. Moisture is involved in degradation 

reactions either as a catalyst or a substance diluting and rinsing off the reaction products. In 

composite materials, absorbed water may also cause detachment of one material from another. 

In addition, rain water may have an abrasive effect on the surface of the materials. Data on 

humidity and precipitation are hence important. Any additional knowledge on other 

environmental factors like the quality of the air is of value (Wypych & Faulkner 1999; Searle 

2003). 

The weathering experiments are usually planned to follow a timetable with predefined 

exposure periods (Jacques, 2000). Typically, the experiment is initiated by installing a series 

of specimens all at the same time. The samples are removed from exposure one at a time after 

the elapse of the predefined time period. The length of the exposure periods may be defined 

as multiples of the first period, either as full years or quarters. If the first weathering period is 

three months, the first sample is withdrawn from exposure after three months from the 

initiation of the experiment, the next sample after six months etc. The initiation of the 

weathering test often takes place in spring, guaranteed to cause the maximum heat and UV 

radiation stress already on the first exposure batch.                                   
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2.2.2.2 Artificial weathering 

 

Artificial weathering of materials is being widely used for testing the durability of outdoor 

materials in laboratory environment. In this approach, artificial sources are used for 

generating the agents weathering the materials: lamps emitting UV radiation, heaters 

producing heat, ozonators to generate ozone, and sprayers spraying water and other liquids. 

Circumstances in the artificial weathering experiments are controllable and reproducible. 

They allow running test series by varying only one factor at a time, enabling investigations on 

a wider range of combinations that could be realized in any natural outdoor weathering 

experiment. The laboratory environment also allows increasing the harshness of the 

weathering, resulting in accelerated weathering. Acceleration yields knowledge on the ageing 

behaviour of the material within much shorter time frames (Feller, 1995). 

The equipment used in artificial weathering is manifold. It includes weather chambers 

designed to simulate natural outdoor conditions as closely as possible, as well as chambers 

constructed to accelerate photo-degradation as far as plausible (McGreer, 2001). For studies 

focusing on weathering caused by UV radiation, the most crucial component of the equipment 

is the source of radiation. The choice of the source depends on the desired weathering effect. 

The shape of the UV spectrum emitted by xenon lamps follows quite closely to that of solar 

UV radiation at the Earth’s surface. The intensity of radiation is also comparable to natural 

outdoor circumstances in many weather chambers employing xenon arc lamps (Searle et al., 

1964). Consequently, reactions and processes occurring in weathering experiments using this 

kind of equipment may be assumed to take place also in the service environments of the 

materials. However, lamps emitting radiation with intensities or spectral distribution 

significantly deviating from those found in the solar radiation at the Earth’s surface are also 

used, especially when accelerated ageing is pursued. Use of lamps of this type calls for careful 

consideration as it may result in degradation mechanisms different from those occurring in the 

natural service environments of the material (Searle, 2003).  

Knowledge on the radiative characteristics of the radiation exposing the materials is a 

prerequisite for reliable post-exposure analysis of the property changes caused by weathering. 

The technical specifications given by the manufacturers of the commercial chambers are 

rarely detailed enough, especially as regards the spectral distribution of radiation. In these 

cases, the weathering experiment should be always supplemented by characteristic 

measurements of the radiation exposing the material samples. The lamps also exhibit changes 

in their radiative output as they age. In addition to fading intensities, changes in the spectral 

shape of the irradiance are found. Without characterizing measurements, temporal changes in 

the irradiance remain undetected, leading to increased errors in the estimates of the exposure 

and, at the worst, erroneous conclusions concerning the durability of the materials.   
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2.2.2.3 Quantification of changes in material properties 

 

Changes in the properties of weathered materials range from superficial changes to changes in 

the bulk of the material. Consequently, quantification of the changes also covers a wide range 

of experimental methods and instruments. The methods may be divided into two main classes. 

Non-destructive methods employ means that do not cause damage to the object. Destructive 

tests, in contrast, are usually carried out to the specimen’s failure, meaning in practice the 

destruction of the object. The choice of the method depends on the property of interest. For 

the changes occurring on the surface of the specimen, non-destructive methods often suffice. 

In order to test the structural performance of the specimen, destructive methods may be 

necessary (Brown, 1999).   

Colour and gloss are probably the properties most often examined on the surface of the 

weathered materials. Specific colorimeters and glossmeters are used for this purpose. Another 

properties of interest might be surface hardness and roughness. Properties most interesting in 

the bulk of the material are related to both strength and ductility, required to be in a certain 

balance in a serviceable product made of a polymeric material. In these tests, 

tensile/impact/flexural strength are often under examination. Dynamic mechanical analysis 

(DMA) is also commonly used for studying the viscoelastic behavior of polymers. 

Differential scanning calorimetry (DSC) can be used for examining if there are any changes in 

the melting point or glass transition temperature of the material. Fourier transform infrared 

(FTIR) (see, e.g., Andrady, 1996) and Ultraviolet–visible (UV/Vis) spectroscopy, as well as 

X-ray spectroscopy, are employed when studying the changes on the level of molecular 

constituents. 

Amongst all the properties, colour may perhaps serve as the most versatile one when 

attempting to monitore the ageing of the material. Colour change in itself is an indication of 

superficial photo-degradative processes (e.g. Andrady et al., 1990; 1991; 1992). As such, it 

may be even used as a sufficient esthetic justification for the withdrawal of the product from 

its service. Moreover, colour change may also indicate structural changes in the outermost 

layers of the material. This means that the use of the product might have become 

uncomfortable or the product has actually lost some of its original functionality. Deteriorated 

surface, incapable of protecting the product anymore, provides an easy access for the different 

weathering agents into the deeper layers of the material. Degradation, once started from the 

surface layers, continues by propagation into the bulk of the product, potentially leading to 

severe changes in its mechanical properties. Change in the surface colour may hence signal 

something fundamental about the condition of the product.  

The basis for the quantification of colour lies in the human colour perception. Three kinds of 

cone cells exist in the human eye, each possessing certain spectral sensitivity. These cells 

determine how colours are perceived in conditions with medium and high brightness. It is the 

levels of stimuli in these three types of cone cells that produce the sensation of colour 

(Hanson 2012). An objective measure for the colour may be derived by weighting the 

spectrum of the light by the spectral sensitivities of the cone cells, resulting in three stimulus 
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values fully specifying the colour. For mapping the physically produced colors to an objective 

description of color sensations registered in the eye, several different colour spaces have been 

defined. One of the most commonly used is the CIE XYZ colour space created in 1931 (CIE, 

1932) still serving as a standard reference against which many other color spaces are defined.  

From the tristimulus values quantifying the human colour vision, various indices suitable for 

follow-up of a colour changes of certain types may be derived. One of these is the yellowness 

index YI defined as (ASTM D1925–70)   

   [           )          (10) 

where X, Y and Z are the tristimulus values for the colour sensation. The yellowness index is 

particularly sensitive for the colour perceived as yellow by human eye, being insensitive for 

the other colours. Indeed, the whole range of the index is occupied by different stages of 

yellowness. This makes it an efficient tool for the quantification of colour changes in objects 

that are expected to mainly undergo yellowing (e.g., Cho et al., 2003).  
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3 Results and discussion 
 

In the following sections, the results of the original papers of this thesis are summarized in the 

order of the appearance of the studies. Section 3.1 deals with Paper I related to natural 

outdoor weathering in presenting a method to adjust the timing of weathering to seasonal 

variations in UV radiation exposure. Section 3.2 on Paper II presents the work done on the 

method for reconstruction of spectral UV irradiance. Section 3.3 summarizing the results of 

Paper III describes the method developed for characterization of UV radiation conditions in 

artificial weathering. Section 3.4 presenting the Paper IV deals with the facility designed and 

constructed for ageing material samples with narrow-band UV radiation. Section 3.5 

describing the study reported in Paper V focuses on the method suggested for derivation of an 

action spectrum of photoyellowing. 

 

3.1 Adjusting weathering periods to annual cycles of UV irradiance 
 

The lengths of the weathering periods are typically defined using fixed durations, like 

multiples of a month or three months (Jacques, 2000). Ideally, material samples in an 

experiment of natural outdoor weathering would receive well-defined exposures of UV 

radiation over the weathering periods. Unfortunately, for periods of fixed duration, this is not 

the case, as solar UV radiation at the Earth’s surface exhibits natural cyclic variability in time, 

always accompanied by temporal variations caused by local atmospheric and environmental 

factors. Consequently, UV exposure accumulated at a specific site on a material sample over 

three winter months may substantially differ from that accumulated over three summer 

months.     

One approach in overcoming the problems related to the outdoor UV exposures over fixed 

time periods has suggested restricting the final analysis of samples to a subset least affected 

by seasonal variations in UV radiation, including, for instance, only samples weathered for 0, 

12, 24, 36 months etc. (Klemann, 2003). This solution may exclude a substantial amount of 

samples from the analysis. Another solution proposed would use a certain shift factor in the 

post-exposure analysis as superimposed onto the abscissa of exposure times (Pickett & 

Gardner, 2005). For exposure durations less than a year, this approach has been nevertheless 

found ineffective.  

In this study, a method based on prior knowledge on the local seasonal cycle of UV radiation 

was developed to adjust the durations of the weathering periods to the local UV radiation 

conditions. The study uses the daily erythemally weighted UV doses derived from the 

measurements performed by the Total Ozone Mapping Spectrometer (TOMS) instrument 

onboard NASA’s Earth Probe satellite over the time period of 25 Jul 1996 – 20 Jun 2004. The 

reasons for the choice of data were in their free availability and erythemal weighing with an 

emphasis on UVB wavelengths where many materials are known to undergo 

photodegradation.    Periods with fixed durations of 1, 3, 7, and 14 months (30, 91, 213, and 
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426 days) were used as starting points in the adjustment as required by an industrial partner of 

the project. 

The selected UV radiation data was used to derive a prediction of UV exposure accumulation 

starting from a known date of launch for the weathering experiment. Predictions were 

calculated for seven European sites included in the experiment: Sodankylä, Jokioinen, 

Lindenberg, Ispra, Thessaloniki, El Arenosillo (Lisbon), and Izaña. For each site, a 

climatological annual cycle of daily UV dose and the annual average of the daily UV dose 

were first calculated. Next, the time series for the daily cumulative UV dose were computed. 

From the time series, the date with cumulative UV dose reaching 1/12, 3/12, 7/12 and 14/12 

of the total annual UV dose was searched. Finally, the length of the adjusted time period of 

exposure was derived by subtracting the test initiation date from the dates determined in the 

previous step.    

The effect of the adjustment was evaluated in terms of the change in the predicted 

accumulation of UV dose over the weathering periods. The relative change was found to 

range from 5 to 82 %, being most significant for the period with an original duration of 3 

months. In addition, the adjustment proved increasingly important towards higher latitudes. 

The period least sensitive to adjustment was the 426-day-period dominated by the full annual 

cycle. All adjustments were found to result in extensions of the original time periods since the 

test was initiated in the autumn when the cycle of daily UV dose declines in the northern 

hemisphere.    

The method developed is not confined to any particular test initiation dates or duration of 

exposure periods. Indeed, the adjustment described is applicable to weathering tests 

conducted at any location according to any timetable. The only prerequisite is an estimate on 

the annual cycle of the daily UV exposure. This estimate may be inferred from ground-based 

or space-born measurements, or radiative transfer simulations. Application of the method 

enhances reproducibility of the weathering tests conducted in natural outdoor conditions. In 

addition, it simplifies the comparison of the property changes observed in consecutive batches 

of samples.   

 

3.2 Reconstruction of solar UV irradiance at the Earth’s surface 
 

Analysis of the property changes quantified in material samples weathered outdoors require 

knowledge on the magnitude of the environmental stress agents, including UV radiation, 

responsible for the changes. Ideally, quantification of UV exposure is based on simultaneous, 

perfectly continuous in situ measurements of spectral UV irradiance. In practice, this is often 

a requirement that cannot be completely met. Programmes of spectral UV irradiance 

measurements employing state-of-the-art spectroradiometers with their exhaustive QC/QA 

procedures require extensive resources (see, e.g., Seckmeyer et al., 2001; Lakkala et al., 

2008), and even when such measurements are conducted, the final data sets always contain 

days with missing or insufficient amount of single measurements.  
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Determination of the total exposure having contributed to the ageing of the samples over the 

whole weathering test requires complete data sets with daily values for each and every day. 

Data for the missing days have to be somehow estimated and imputed into the original data 

set. The estimation may be based on, for instance, long-term climatology or interpolation 

between consecutive days. Uncertainties of estimated imputed daily values are larger than 

those truly measured. Increase of missing days hence increase the overall uncertainty of the 

cumulative UV quantities computed from the time series. In addition, as the effects of the UV 

radiation depend on wavelength, spectrally resolved measurements are often preferred. There 

is therefore a strong need for a method to fill in the gaps caused by the missing data in the 

time series of measured UV irradiance. Techniques for reconstruction of UV irradiance have 

been presented, making use of pyranometer measurements of global radiation over the 

wavelength range of 300 – 3000 nm (e.g. Fioletov et al., 2001; Feister et al., 2002; den Outer 

et al., 2005; Lindfors et al., 2007). However, the former efforts were focused on exposures 

weighted by a particular action spectrum or on specific wavelengths only.  

In this study, a reconstruction method to yield spectral UV irradiance was developed. The 

method employs the freely available and extensively tested libRadtran radiative transfer 

modelling package (Mayer & Kylling, 2005; Mayer et al., 1997). Daily UV exposures were 

simulated for two Finnish sites, Jokioinen and Sodankylä, for which input data required by the 

model were available from the observatories maintained by the Finnish Meteorological 

Institute. The solver named sdisort, based on the discrete ordinate method and application of a 

pseudo-spherical correction for large solar zenith angles (Dahlback & Stamnes, 1991), was 

used in simulations. Pyranometer measurements of global radiation were used to infer an 

estimate how the cloud cover attenuates radiation on the wavelengths of UV radiation. This 

was realized by constructing a look-up-table for the cloud optical depth 𝜏 at wavelength of 

550 nm (𝜏550) through radiative transfer simulations of global radiation. The resulting look-

up-table yielded the cloud optical depth 𝜏550 as a function of measured global radiation, solar 

zenith angle, global albedo, and total water vapour column. Over the wavelengths of UV 

radiation, a parameterization based on the cloud optical depth at 550 nm, as given by the look-

up-table, was derived and used in actual simulations of solar UV irradiance.  

In addition to the cloud optical depth, total ozone column, total water vapour column, surface 

albedo, and the geographical location (latitude, longitude and altitude) of the site were used as 

inputs to the model in simulations of solar UV irradiance. The winter time surface UV albedo 

was estimated from the measurements of snow depth, with typical values of 0.4 and 0.6 for 

Jokioinen and Sodankylä, respectively (Arola et al., 2003). For the snow-free periods, 

constant value of 0.05 was used for both sites. 

The method was validated against in situ ground-based measurements performed by the 

spectroradiometers in Jokioinen and Sodankylä. As a quantity in this study, daily spectral UV 

exposure computed from the simulated and measured spectra were used. This is the quantity 

most relevant in quantifying the exposure accumulated onto material samples aged in an 

outdoor weathering experiment. Estimation on the performance of the method was mainly 

based on two statistical numbers: the root-mean-square (RMS) of the relative difference, and 

the mean relative difference. The former was perceived representing a measure of the 
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dispersion in the difference between the reconstructed and the measured exposure. The latter, 

on the other hand, was considered representing the systematic deviation in the difference 

between those two.       

The daily spectral UV exposures computed from the reconstructed hourly UV irradiances 

were compared against those calculated from the spectra measured by the spectroradiometers 

at Jokioinen and Sodankylä over the years 1995-2006 and 1990-2006, respectively. The 

comparison was restricted to the wavelength ranges with the upper limits defined by the upper 

limit of the scanning range of the instruments, i.e., 365 nm for Jokioinen and 325 nm for 

Sodankylä. The lower limit was set to 300 nm as a consequence of the requirement set for the 

minimum number of daily scans considered sufficient to yield a reliable estimate on the daily 

accumulation of UV exposure.        

The correlation between the reconstructed and measured daily exposures was found to be very 

good, being in general above 0.99. More importantly, the mean percentage difference was 

found mostly within ±8 %. In addition, the RMS difference was found around 10 % for 

wavelengths longer than 310 nm and for days with daily minimum of solar zenith angle of 70 

degrees. Both the RMS and the mean difference may be compared with the total uncertainty 

of the measurements, estimated being approximately 10 %. In this respect, good performance 

of the method could be concluded.      

The increase in the RMS difference towards shorter wavelengths could be attributed to the 

generally known increase in uncertainties in both measurements and modelling of the shortest 

wavelengths of solar UV radiation. For the systematic deviation, uncertainties related to the 

inputs for surface albedo and aerosol optical depth could be identified as the most plausible 

explanation. More pronounced differences on a few individual wavelengths could be seen as 

differences in the manifestation of the fine structure of the solar spectrum as measured by a 

ground-based spectroradiometer with a certain slit function and simulated by a model 

employing an extra-terrestrial spectrum derived from space-born measurements with an 

instrument with a different slit function.               

The validation of the method developed for the reconstruction of solar UV exposure proved 

the method suitable for completing the measured time series of UV irradiance data sets. As a 

result, reliable estimates on the UV exposure accumulated onto material samples can be 

derived. For weathering experiments with no on-site measurements of UV radiation, the 

method could even provide a means to derive the whole data set required for the estimation of 

the exposure, if only knowledge on the local atmospheric and environmental factors, required 

as inputs to the model, are available.  

 

3.3 Characterization of UV radiation conditions in artificial weathering 
 

Artificial ageing is widely used in material testing. This is because weathering conducted in 

laboratory may be significantly accelerated by an appropriate choice of radiative source. 
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Hence, materials may be expected to exhibit property changes in significantly shorter time 

periods in an artificial than in a natural outdoor weathering experiment.    

Quantification of UV exposure in artificial ageing has to be approached from a different 

direction than in outdoor weathering. Continuous in situ spectral measurements are often 

preferred in natural weathering experiments, yielding a truthful estimate on the UV exposure 

accumulated onto the material samples. Artificial ageing, in contrast, seldom employs online 

measurements of UV radiation. The dimensions of the ageing chambers simply do not allow 

placing a measurement head of a spectroradiometer inside. In addition, the intensity levels of 

UV radiation might be high enough to cause the teflon diffuser of the measurement head to 

deteriorate. Instead of continuous online measurements, the radiative conditions prevailing in 

the ageing chamber should be measured before starting exposing a batch of samples – ideally 

also after ending the exposure. These kinds of measurements may be called characterization 

of the UV radiation conditions in artificial weathering.    

Previous reports on methods for characterization of UV radiation conditions in artificial 

ageing environments are practically not available in public. It is most probable that methods 

have been developed but they have remained confidential, possibly due to the competitive 

advantage they have provided. However, comparisons between the natural outdoor 

weathering circumstances and accelerated ageing environments have no grounds whatsoever 

without knowledge on the true exposure on the artificially aged material samples. Therefore, 

there is a need for dissemination of procedures and practices found applicable and useful in 

settling the radiative properties of the equipment used in artificial ageing of materials. 

This study reports on a methodology developed for characterizing a chamber used for 

artificial ageing of materials for its UV radiation conditions. The method is based on 

measurements of spectral UV irradiance inside the chamber, carried out with a 

spectroradiometer, and a geometrical analysis on the radiative field measured by a broadband 

radiometer. The measurements were used to derive the effective exposure expected to 

accumulate onto the samples placed inside the chamber for ageing. Moreover, the UV 

conditions in the chamber were linked to those prevailing outdoors under the Sun.  

The characterized UV chamber was equipped with four 300-W Ultra-Vitalux mercury vapour 

lamps from Osram arranged in a square formation and installed on the ceiling of the chamber. 

Measurements of spectral UV irradiance produced by the lamps were carried out by placing a 

measurement head of a Bentham DM150 double monochromator spectroradiometer on the 

round sample plate on the bottom of the chamber. The measurements were repeated twice: for 

new lamps and for lamps used for over 4000 hours.  

For deriving an estimate for the effective exposure onto the material samples, measurements 

on the shape of the radiative field created by radiation emitted by a single mercury vapour 

lamp were utilized. The measurements had been carried out in a previous study using a 

broadband Solarmeter 6.2 with spectral sensitivity weighing the UVB wavelengths (Baines 

2007). Knowledge on the geometrical distribution of UV radiation emitted by one lamp was 

used to compute the exposure at different locations on the sample plane, emerging as a joint 
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field created by the outputs of the four lamps. The computed planar exposure field was further 

used to derive an effective exposure onto samples of size 12.5 cm x 12.5 cm placed on the 

perimeter of the rotating sample plate.  

In the final step of the analysis, the derived artificial effective UV exposure was compared to 

the natural UV exposure defined by the spectral UV irradiance measurements conducted in 

Jokioinen, Finland. Acceleration factors computed on the basis of the exposure levels were 

used to establish a link between the accelerated and natural ageing conditions. 

The measured spectra showed distinct peaks corresponding to the emission lines of mercury. 

Comparison between the irradiances measured for new and old lamps revealed substantial 

fading in the intensity of the lamps. Furthermore, the fading was found to strongly depend on 

wavelength, being most pronounced at the shortest wavelengths of UV radiation. In the 

derived sample plane exposure, significant radial dependence was found. Over two-fold 

exposures prevailed directly beneath the single lamps compared to that prevailing in the 

center of the sample plate.  

It could be concluded that the exposure onto the samples notably depended on the age of the 

lamps, on the position of the samples on the plate, and on the wavelength range considered. 

As a consequence, the acceleration factors computed to establish a correlation between the 

artificial and natural ageing conditions were also wavelength dependent. In addition, the 

spectral distribution of the exposure notably differed from that of the natural solar radiation at 

the Earth’s surface, with distinct peaks at certain wavelengths. The findings are of paramount 

importance in estimating the relevance and transferability of the results obtained by artificial 

ageing to the real service environments of the material.   

The presented methods are not confined to any particular equipment used for artificial ageing 

of materials. On the contrary, they can be employed in characterization of any instrument with 

a volume large enough for a measurement head of a spectroradiometer to be placed inside.   

 

3.4 Facility for exposing materials with narrow-band UV radiation 
 

The deteriorating effect of UV radiation strongly depends on the wavelength of the radiation. 

In addition, the spectral sensitivity of each material is unique and specific to that particular 

material (Andrady, 1997). In weathering experiments, knowledge on the spectral distribution 

of the exposing UV radiation is required for reliable estimation on the UV exposure 

accumulated onto the material samples over the weathering periods. In the post-exposure 

analysis of the property changes, however, this knowledge alone does not suffice. Indeed, 

knowledge on the spectral sensitivity of the material to the property change in interest is 

needed as well.  

Facilities used for exposing materials in the laboratory are mostly based on the use of 

polychromatic radiation, i.e., radiation covering a broad range of wavelengths. Experiments 
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using this kind of radiation are designed to either simulate or accelerate naturally occurring 

ageing - the task which they usually complete well. In fewer studies, spectrally resolved 

radiation has been used in efforts pursuing the wavelength sensitivity of the materials (e.g., 

Watanabe et al., 1982; Trubiroha, 1989; Andrady et al., 1991; Andrady et al., 1992; Andrady 

et al., 1996; Searle, 2000; Chin et al., 2004; Trubiroha et al., 2004; Geburtig et al., 2010; 

Geburtig et al., 2011). The main challenges in these studies are related to the design of the 

facility, bounded by partly contradictory requirements. Both the wavelength resolution and 

the intensity levels of the exposing radiation are expected to be high enough, to be able to 

infer wavelength dependent property changes caused by exposures of reasonable durations. 

This study reports on a facility designed and constructed for ageing materials with spectrally 

resolved UV radiation. The facility is based on a Xenon lamp as a source of radiation, and a 

spectrograph dividing the radiation into narrow bands of neighbouring wavelengths. The light 

emitted by the lamp mounted in a water-cooled lamp house is collected and collimated by a 

lense system. The beam is guided to travel through the filter filled with distilled water for 

removal of the infra-red part of the spectrum from the radiation. The beam is further guided 

onto the entrance slit, adjustable in width, of the spectrograph. Having entered the 

spectrograph, the beam is reflected onto a holographic flat-field grating which finally diffracts 

the beam and reflects the first order diffraction onto a planar sample exposure plane. The 

components of the facility are installed onto an optical breadboard of size 90 cm x 150 cm.       

The facility was characterized by measuring the output of the spectrograph with a Bentham 

DM150 double monochromator spectroradiometer on ten equally spaced locations on the 

sample exposure plane. The irradiance on each location was found to be a narrow peak 

centering around a certain wavelength. The effective (center) wavelengths of the peaks ranged 

from 264 nm to 488 nm from one side of the sample plane towards the other. The FWHM 

(full width at half maximum) of the irradiance peaks, denoting the width of the band, was 

found to range from ~15 nm to ~5 nm, being broader at the shortest wavelengths. Narrowing 

the entrance slit width of the spectrograph proved to narrow the band widths and to decrease 

the maximum irradiances of the bands, as expected. The straylight rejection of the 

spectrograph was found to be of the order of 3-4 decades, being satisfatory for a single 

monochromator.   

The ageing performance of the facility was tested by exposing samples of regular newspaper 

(43.9 g/m
2
) for 1, 2, 4, and 8 hours. The samples showed yellowing already after one-hour 

exposure, discernible by naked eye. On locations corresponding to irradiance peaks with 

effective wavelengths of 295 nm, 328 nm, and 358 nm, the yellowing appeared most 

pronounced, implying wavelength dependence in the yellowing sensitivity of the material. 

The yellowing was quantified by colour measurements carried out with a Minolta Chroma 

Meter CR-200 colorimeter on Yxy colour notation system. The measured coordinates were 

further used to calculate the yellowness index quantifying the actual phenomenon of 

yellowing. The calculated yellowness indices verified the wavelength dependence of 

photoyellowing already inferred by visual inspection of the exposed samples.  
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Additional performance tests were carried out with specimens made of polystyrene and rubber 

as stretched 10 % of its nominal width. The polystyrene sample showed measurable yellowing 

after 20 hours of exposure. In the rubber sample, noticeable cracking appeared after 600 hours 

of exposure. These findings verified the capability of the facility in ageing not only 

newspaper but also other types of polymeric materials within reasonable time frames. 

The facility developed met the preset requirements. The radiant output on the sample 

exposure plane in terms of both the irradiance and the wavelength resolution proved 

applicable to its intended use for ageing materials with spectrally resolved UV radiation. The 

implementation differs from those previously reported especially in its compactness and 

efficiency. Indeed, the facility adds to the current technological know-how on artificial ageing 

of materials.     

The facility finds several ways of use both in basic research on material ageing and 

photodegratation and in applied research aiming at, e.g., tailoring of wavelength selective 

protective additives for materials (see, e.g., Andrady, 2011). Specifically, it can be utilized in 

search of the action spectra, i.e., the generic wavelength sensitivities of materials to UV 

radiation. 

 

3.5 Derivation of action spectrum of photoyellowing 
 

The ability of UV radiation to cause photodegradation strongly depends on its energy, i.e., 

wavelength. It is therefore of vital importance to know the spectral distribution of the 

radiation exposing materials in a weathering experiment or in predicting the ageing behaviour 

of a material in its service environment. In addition, knowledge on the inherent wavelength 

sensitivity of the material is needed. In order to initiate photodegradation in a material, a 

photon has to be first absorbed by the material (Rabek, 1995). In essence, the wavelength 

sensitivity tells on which wavelengths the material is capable of absorbing photons, leading to 

a quantifiable change in the property of interest.    

The wavelength dependence of the damage susceptibility may be described by a spectral 

response specific to the material and the type of damage. Two basic forms for the spectral 

response exist: an activation spectrum and an action spectrum (Trubiroha, 1989; Searle 2000). 

The distinction between those two forms lies on the principle followed in derivation of the 

response. The activation spectrum has been settled for a specific light source, and is therefore 

valid under exposure of that particular source. The action spectrum, also called as spectral or 

wavelength sensitivity, is derived by accounting for the radiant exposure used in the 

experiment, and is hence source-independent and applicable in any exposure conditions 

within certain limits.  

Previously reported studies on spectral response of material to UV radiation have mainly 

yielded activation spectra applicable only in exactly the same exposure conditions as used for 

deriving the response. A few studies on the topic have resulted in action spectra - none of 
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which, however, have been universally applicable, but applicable to either certain duration or 

certain photon yield of exposure (e.g., Andrady, 1991).  

In this study, a new approach to derive a generic action spectrum for one of the most usual 

manifestations of photodegradation, namely photoyellowing, is adopted. The method relies on 

exposure of the material with spectrally resolved radiation with known characteristics. 

Newspaper samples exposed for time periods of 1, 2, 4, and 8 hours have been analyzed for 

the change in their colour in several different locations on the sample, corresponding certain 

wavelengths of the exposing radiation. Yellowness indices computed from the measured 

colour coordinates are modelled applying a logarithmic model of the form 

  (      )          [ (    )   (    )     ]  (11) 

where YI(λeff,t) is the yellowness index measured at sample location corresponding effective 

wavelength of λeff, t is the duration of exposure, YI0 is the yellowiness index of an unexposed 

sample, E(λeff) is the irradiance exposing the sample on location corresponding to effective 

wavelength of λeff, and a, b, and s(λeff) are the parameters of the model, of which s(λeff) is the 

action spectrum searched for. A best solution for the equation was numerically found using a 

least squares fit. 

The action spectrum obtained has inverse units of exposure, m
2
J

-1
, and reaches its maximum 

value 16.2 μm
2
J

-1
 at the lowest considered wavelength of 264 nm, decreasing nonlinearly 

towards longer wavelengths and approaching zero at the upper limit of the considered 

wavelength range. The action spectrum may be assumed to represent the inherent wavelength-

specific sensitivity of the material to photoyellowing. It is generic in the sense that it is 

independent from the duration or intensity of UV exposure, being therefore applicable in a 

range of different exposure conditions.   

The significance of the study is its novel approach to a phenomenon of photodegradation. 

Instead of deriving an action spectrum for certain duration or intensity of exposure, the 

starting point for the modelling of the phenomenon is formulated in a way that it allows 

simultaneous inclusion of both dimensions of the accumulation of exposure: time and 

irradiance. The method may be expected suitable for deriving action spectra for the 

photoyellowing of other materials and possibly even action spectra of other damage types 

related to photodegradation.       
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4 Conclusions 
 

The focus of this thesis has been on the methods used in investigation of the effects of UV 

radiation on materials. Suggestions for improved planning and conduction of an outdoor 

weathering test, more extensive quantification of the UV exposure on outdoor material 

samples, and more accurate characterization of UV radiation conditions prevailing in artificial 

weathering environments has been made. In addition, the design and construction of a novel 

facility for exposing materials with spectrally resolved UV radiation has been reported. 

Finally, a new approach for determining the action spectrum for one of the most common 

photodegradative phenomena, photoyellowing, has been proposed. 

The study was initiated by developing a method for planning the timetable for an outdoor 

weathering programme in a way that the natural seasonal variability exhibited by the solar UV 

radiation is accounted for. The usefulness of the approach was analyzed by comparing the 

exposures predicted to accumulate over the adjusted weathering periods vs. periods with fixed 

durations. Application of the method increases the comparability of the test results obtained 

for a material weathered at different geographical locations with different rates of 

accumulation of total UV radiation exposure. The method may be applied for any period of 

time and for any location for which data on prevailing UV irradiance is available. Weathering 

experiments with exposure periods adjusted to the seasonal variations of local UV irradiance 

may be expected to yield more consistent data on the progress of the property changes in the 

material samples than experiments using exposure periods of fixed durations.   

The study continued with a method applicable to patching the occasionally missing data in the 

time series of the measured UV irradiances. Complete time series is a necessity for derivation 

of total exposures accumulated onto the material samples over an exposure period. However, 

gaps in measured time series always appear to some extent due to laboratory calibrations, 

maintenance and malfunctions. To complete the time series for these gaps, a method for 

reconstruction of spectrally resolved solar UV irradiance at the Earth’s surface was 

developed. The method is based on radiative transfer modeling with cloud optical depth 

inferred from the pyranometer measurements of global radiation within the wavelength range 

300-3000 nm as input. The performance of the method was studied by a statistical analysis on 

the differences between reconstructed and measured daily spectral UV exposure. The results 

of the analysis proved the method applicable for the intended use in supplementing 

incomplete time series of measured daily spectral UV exposures. 

The next step in this study dealt with UV exposure conditions in accelerated artificial 

weathering environments widely used in testing the durability of materials. A method for 

characterizing such conditions was developed. The method is based on spectrally resolved 

measurements of UV irradiance and a geometrical analysis of the radiation field prevailing in 

the exposure chamber. The total exposures accumulated onto the exposed material samples 

over the wavelength ranges of UV, UVA and UVB were analyzed in cases of lamps of 

different burning hours. Furthermore, the exposures were compared against those estimated to 

accumulate in natural outdoor circumstances from solar radiation. As a result, acceleration 
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factors linking the artificial and natural weathering conditions for their UV radiation stresses 

were derived. The acceleration factors were found to significantly depend on the wavelength 

range of UV radiation considered. The finding emphasized the need for knowledge on 

spectral distribution of UV radiation exposing materials in natural and artificial weathering 

tests as a prerequisite for the comparability of the results. Furthermore, it indicated the 

necessity of knowing the spectral sensitivity of the tested material for UV radiation induced 

damages, giving the impetus for the next part in this study.     

A novel facility for ageing material with narrow-band UV radiation was designed and 

constructed in the next phase of the study, aiming at means to explore the wavelength 

dependencies in the damages caused by UV radiation in materials. The facility employs a 

Xenon arc lamp as a source of radiation and a spectrograph with a holographic flat-field 

grating to resolve the beam spectrally and reflect the spectrum onto a planar sample exposure 

plane. Analysis on the characteristic measurements of the radiant output of the facility proved 

the intensities high enough to enable ageing of samples within reasonable time frames. The 

performance of the facility was demonstrated through ageing samples of newspaper over time 

periods of different durations. The samples showed distinct patterns of photoyellowing,  

indicating certain dependence on wavelength. Furthermore, a clear logarithmic dependence 

between the exposure time and the degree of yellowing was found. These findings launched 

the work leading to the final part of this thesis.      

The last part of the study emerged from the need to find a method to derive a universal action 

spectrum for the photoyellowing of a material. More generally, the aim was to develop a 

method to derive a material and damage specific action spectrum for any material exhibiting 

any kind of property change as a consequence of UV radiation exposure. The yellowing 

observed and quantified in newspaper samples exposed with the facility reported in the earlier 

part of this study was analyzed and modelled by employing a logarithmic formula. The model 

was found to yield an action spectrum of photoyellowing in a form independent from either 

duration or intensity and hence more universal than those formerly reported. The 

methodology developed opens a new pathway for the exploration of the wavelength 

dependencies in the susceptibility of materials to UV radiation induced damages and for 

determination of generic action spectra of property changes accompanying the ageing of 

materials.       
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